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10 soil elevation above water tablepresents variability in this primary control. Wéad microtopography is the structured
variability in soil elevation, and is typically egjorized into a binary classification of local higbints (“hummocks”) and
local low points
(“hollows™). Although the influence of microtopogray on vegetation composition and biogeochemicatgsses has
received attention in wetlands around the globe,rile in forested wetlands is still poorly undecst. We studied
relationships among microtopography on understeyetation communities, tree biomass, and soil céteynin 10 black

ash Fraxinus

15 nigra Marshall) wetlands in northern Minnesota, U.S.A. d® so, we combined a 1-cm resolution surface &@mvanodel

that microtopography was an important structuraneint across sites, where hummocks were loci oitgrespecies
richness, greater midstory and canopy basal anebhigher soil concentrations of chloride, phospkpand base cations. In
contrast, hollows were associated with higher sdilate and sulfate concentrations. We also fourat the effect of
microtopography

20 on vegetation and soils was greater at wettes #hian at drier sites, suggesting that distameeean water table is a primary
determinant of wetland biogeochemistry. These figdihighlight clear controls of mictopography omgemtion and soil
distributions, while also supporting the notiontthaicrotopography arises from feedbacks that comatm biomass, soil

nutrients, and productivity on microsite highs, exsplly in otherwise wet conditions. We thereforenclude that

25 1 Introduction

Microtopography is a key component of wetland egglanfluencing a host of fundamental wetland peses. This results
from the primacy of shallow water table and sotusation dynamics in driving wetland dynamics (Rgdez-lturbe et al.
2007); any variability in soil elevation therefaepresents coincident variability in this contdldllis and Raulings 2011).
For example, perhaps incredibly, experimental tneatts have demonstrated that even soil surfacahility of 2 cm can

30 dramatically increase wetland vegetation geation, overall biomass, and species richness vel&i flat soil surfaces
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(Vivian-Smith 1997). This microtopographic effect wvegetation community structure is also borneimueal wetlands

(though with elevation variation on the order o%0 cm), ranging from freshwater sedge meadows iféfeand Zedler
2002, Peach and Zedler 2006) to salt marshes (V@mdét al. 1999, Fogel et al. 2004). Further, in ynaatlands, primary
greater primary productivity compared to low poirftrack et al. 2006, Sullivan et al. 2008). Micmagraphy also
augments the spatial extent of soil redox gradi€ftei et al. 2012), which largely control Wetlalhlibgeochemical\\\
processing (DelLaune & Reddy 2008). However, by fanst studies on wetland microtopography have fedusn \
herbaceous wetlands or northern bog systems dagairat Sohagnum spp. mosses, leaving open questions regarding the

commonality of microtopographic influence on wetlgsrocesses in forested systems.

The relationship between wetland process and nupogiraphy is thought to be reciprocal, where vegetaand
biogeochemical interactions can in turn supportaesppon of microtopographic features (Eppinga et2809). That is,
wetland microtopography can result from feedbackery hydrology, vegetation, and soil processes idtice soil
elevation divergence into two modes: 1) a high &iew mode (“hummocks”) and 2) a low elevation mdttellows”)
(Rietkerk et al| 2004, Eppinga et al. 2008, Heféerret all 2013). In previous work, we observed ctairotopographic _ - W
patterns that we propose arise from these typegcohydrological feedbacks (Diamond et al. in reyieW these\\\\
microtopographic patterns are in fact a result afppsed ecohydrological feedbacks, we thereforee@xthere to be
concordant microtopographic differences in vegetatind soils.

The primary hypothesized feedback that results iseoved hummock hollow microtopography is the pobidity-
respiration feedback. Preferential colonizatiorptants on slightly elevated sites leads to localdp of organic matter via
primary productivity and sediment accretion arouindts, and further increased elevation (Gunnarssah Rydin 1998,
Pouliot et al. 2011). Increased elevation reducegmbic stress to plants and improves local remmditions, leading to
further increases in vegetative productivity. Tpi®ductivity-elevation positive feedback is ultiragt constrained and
stabilized by increased decomposition rates of metated organic matter as hummocks become mordiagiBelyea and
Clymo 2001, Watts et al. 2010). Additional negatfeedbacks to hummock growth can include increassthbility in
substrate and consequent erosion (Larsen and H204&8), or resource limitations (e.g., nutrientet¥¢l et al. 2005). The
resulting microtopography often displays a cleancttire, with observations of marked spatial pattén open bog (Eppinga

et al. 2009) and marsh systems (Casey et al.| 2ah€)potentially in swamp systems as well (Diamenel. in review). If _ - W
these feedbacks are operating in wetlands, theceapen is greater vegetation biomass and proditcton hummocks
rather than hollows.

An additional feedback mechanism that can reinfand maintain wetland microtopography is prefesntiummock
evapoconcentration of nutrients. Greater produgtisnd thus greater evapotranspiration rates onnfmcks compared to

hollows drive a net flow of water and dissolved riartts toward hummocks (Rietkerk et al. 2004, Wegteal. 2005, _ -
Eppinga et al. 2008, Eppinga et al. 2009). Nutsee consequently rapidly cycled through vasquitant uptake and plant

Comment [rev6]: It is so in
peatlands only up to the certain
height above WT, whereas in wet
lawns productivity can be higher than
on dry hummock

Comment [rev7]: Both missing
from References! For citations

missing from References it is shown
here only once.

Comment [rev8]: Missing from
Reference:

Comment [rev9]: Missing from
Reference:

Comment [rev10]: Missing from
References!

Comment [rev11]: Mostly
evapotranspiration from hollows is
greater than from hummocks!




65

70

75

80

85

90

https://doi.org/10.5194/bg-2019-302
Preprint. Discussion started: 16 September 2019 c Author(s) 2019. CC BY 4.0 License.

litter mineralization on the more aerobic hummog¥simer et al. 2003), leading to local nutrient centration effects. This
localized nutrient concentration purportedly leatds increased primary productivity, which leads tarer nutrient
evapoconcentration, and so on (Ross et al. 2006)other words, hummocks may harvest nutrients fiooiows,
concentrating them there. One clear prediction ftbim hypothesis is greater nutrient—and consergatvater tracer—
concentrations in hummock soil relative to hollogil.sTo the best of our knowledge, this mechaniemains untested in
forested wetlands with hummock-hollow terrain.
In this work, we assessed microtopographic inflesnon vegetation and soil chemistry in black astexinus nigra
hollow structure in these systems, but this miggography was more pronounced at wetter sites. lexesk the question:
to what extent do the integrated controls of watdyle regimes and microtopography determine spagaiation in
vegetation and soil properties?
Specifically we tested the overall hypothesis tblgvation relative to water table is the primarytcol on understory
composition, tree biomass, and soil chemistry, withfollowing specific predictions:
1) Understory richness and diversity will be: a) geeatt drier sites compared to wetter sites, b)tgrean hummocks
than hollows, and c) positively correlated withwalgonrelative-to abovavater table.
2) Mid- and canopy-level basal area will be: a) greaterier sites compared to wetter sites, b) grean hummocks
than hollows, and c) positively correlated withwalton relative to water table.

3) Soil nutrient and conservative tracer (chloridehaantrations will be: a) less variable on drieesithan wetter
sites,

b) greater on hummocks than hollows, and c) paditicorrelated with elevation relative to waterléab

2 Methods
2.1 Site descriptions

To test our hypotheses, we investigated ten blabkngetlands of varying size (0.5-15.6 ha) and hyeloanorphic landscape
position in northern Minnesota, U.S.A. (Figure BJack ash trees are unique among ash species leetteysoften occur in
nearly pure stands (i.e., over 90% canopy coveryétiand conditions with very little regeneratiohather tree species

categorized and grouped each wetland by its hydrogephic characteristics as follows: 1) depressites (“‘D”, n = 4)

characterized by a convex, pool-type geometry wéhgraphical isolation from other surface waterieed?) lowland sites
(“L", n = 3) characterized by flat, gently slopingpography, and 3) transition sites (“T”, n = 3jcécterized as flat, linear
features between uplands and black spr&tesd mariana Mill. Britton) bogs. Additional detail on site cheuteristics are

provided in Diamond et al. (in review), but brieflye believe that our sites are late successianelimax communities and
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have not been harvested for at least a centurys &oé primarily organic Histosols characterizedd®ep mucky peats
underlain by silty clay mineral horizons, with degsion and transition sites having deeper orgagier$ than lowland sites.
We also previously characterized hydrology at th&ises using ground water wells and rain gagesnibiad et al. [in
review]) and found that lowland sites were consalér drier on average than depression or transisies (note
hydroperiods in Figure 1), and exhibited much meater table variability. Depression sites were ¢gly wetter than

transition sites and were more frequently inundaf@dpression and transition sites also exhibiteghiBcantly more

2.2 Field measurements

We conducted field sampling campaigns to charateregetation and soil properties of our stegigtems sitesWe then
coupled these data to previously characterized rtatde and elevation data (Diamond et al., ineeyito address our
hypothesis and predictions. Elevation data werelec@d using high-resolution terrestrial laser stag (TLS)
measurements within three, 30F nircular plots at each site. These data were trsl to createl-cm digital elevation

models and to delineate hummock versus hollow feat(see method details in Diamond et al., in re\aad Stovall et al.

mean water table for each vegetation/soil samgwigt, and categorize each sampling point as a hackrar hollow.

2.2.1 Understory composition

We characterized understory vegetation at eachtsitest the prediction that understory richnesd diversity will be
previously used for elevation measurements. We thernstudy design quasi-random because we corstraire random
sampling locations by quadrant, allowing us to slengach quadrant of a circular plot approximatejyaly (13 points per
plot, Figure S1). At each sampling point, we uséli25 nf square quadrat to classify vascular and mossitheis to the
species level, visually estimated their percentafotover, and recorded stem count (if possible)vescular species. We
chose a 0.25 frsize quadrat as it corresponded to the smallestinck areas that we observed in the field, and wasson
the scale of elevation variation at each site. &g surveys occurred during July 2017, coinadivith peak vegetation
presence. Species that we were unable to identiflyd field were assigned a genus or standard unkmode and collected

in a bag for later identification.

2.2.2 Tree biomass

To assess the prediction that midstory and canegwgltarea will be greater on higher elevation festuwe used data from

two parts of a larger study investigating black aestlands. The first data source was stand-levétioseincluding species,
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basal area and trees per hectare for both the onyd&.5< diameter at breast height (DBKH)0 cm) and canopy level (>10
cm DBH), for each site. We calculated site-levedddarea for each midstory and canopy species.

The second data source was plot-scale point clofiftsrest structure from the aforementioned TLS paign at six of the
ten sites (see Stovall et al. 2019). We estimatagtstory DBH (i.e., > 2.5 cm) from these TLS poatduds with the
SimpleTree algorithm implemented in CompuTree (Hatlerg et al. 2015). We were only able to applyatlgerithm on a
fraction of our scanned areas (approximately 3GGtreach of the six sites) due to resolution isswes understory noise
that precluded DBH analysis. The SimpleTree alporitmodels trees as cylinders by segmenting treesg @ iterative
nearest neighbor approach that moves verticallynfem initial seed point along the stem while expagdn area with
increasing crown size. The best least squaresdgyliat approximately 1.3 m above ground provideadneses of DBH.
Following DBH analysis, we matched each processsslwith an elevation value associated with surfaocéels from our
TLS analysis (Stovall et al. 2019).

2.2.3 Soil chemistry

To assess the prediction that soil chemistry hgtareity will covary with elevation variability, weored soil at a subsample

of the 390 sampling points in the previously ddsedi quasi-random walk sampling design. We deterhine subsampling

points prior to site arrival with the intention $ample all points at a minimum of one plot (13 pe)iper site. We sampled _ - w Comment [rev17]: Sampling demﬁ
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390. We first removed the top layer of moss artdrlitand used a 15-cm beveled and serrated sdd tmiextract our soil

samples to a depth of 10 cm.

We air-dried sdil samples over 2 weeks, removeibleisoots (typically greater than 2 mm in diamgtend hand-ground, ~ - { comment [rev18]: Samples were
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mixed, and sieved soils to pass a 2 mm mesh toeceegepresentative sample of the 10 cm soil inergnirotal carbon and

nitrogen concentrations were determined with drynloostion on 0.25 g subsamples with a CN Elementadlyxer
(Elementar Analysensysteme GmbH vario Max; Langbos® Germany). For anions and cations, we usedodified
water extraction method (Jones and Willett 2006}ale (NQ) and phosphate (R®) were analyzed colorimetrically with
a segmented flow analyzer (SEAL AA3; SEAL Analytiddequon, WI) using equipment methods G-200-97 @Ati75-96,
respectively. Chloride (Q| sulfate (S@), calcium (C&"), and magnesium (Mg were analyzed with ion chromatography
(Standard Methods 4110, Dionex ICS 3000; ThermbefiScientific, Waltham, MA).

2.3 Data analysis

Across our different environmental variables, wektdhe following general approach: 1) test for -sibale differences

focusing on site hydrologic metrics as predictiraiables, 2) test for microsite-scale (hummock hallow) categorical _ - { comment [rev19]: ... water table
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2.3.1 Understory composition

To test our prediction that site hydrology is eosg control on understory composition, we regregsea@n (n=3 plots)
sitelevel richness and diversity with site-levetlhglogy metrics using simple linear regression.

To assess categorical differences in vegetatiorposition among both sites and microsites (i.e., ok vs. hollow), we
first classified understory vegetation in ordinatiepace using nonmetric multi-dimensional scaliNgDS). Prior to
analysis, we removed rare species (<1% presencalffeom the understory community matrix (McCuaed Grace 2002).
We then aggregated point-scale measurements ttesgehummock and hollow values by averaging sgggiercent cover
for hummocks and hollows within each site. We usethMDS function from thevegan package (Oksanen et al. 2018) in
the R statistical software (R Core Team 2018) todcet the ordination analyses, and tested for wwtolgr community
differences among sites and microsites using aivaulate permutational analysis of variance (PerMARA) with the
adonis function from the same package.

We also evaluated species fidelity and associdtioparticular sites and microsites (hummocks vetslbws). Indicator

species analysis was conducted using the functigitipatt from theindicspecies R package (De Caceres and Legendre

2009). This analysis generates an indicator vaidex (IV) for each species within each category.(aite or microsite). _ - w Comment [rev20]: Missing from
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To test categorical differences in richness betwe@mmocks and hollows, we calculated Welch's twma t-tests on
richness between hummocks and hollows for each\igeadditionally calculated hummock-hollow Bray#@sicommunity
dissimilarity indices using theegdist function. This dissimilarity index falls betweena®d 1, where 1 indicates complete
dissimilarity and 0 indicates identical communiti#e t-test allowed us to test our prediction tmatnmocks were more
diverse than hollows within a site, and the diskinty index allowed us to further determine howfatient the vegetation
communities were. To examine differences in mosswascular plant communities, we conducted thidyarsafor both 1)
moss and vascular plants separately, and 2) masgamaular plants combined.

Lastly, we analyzed within-site relationships bedwepoint-scale understory richness and point-sekeation relative to
mean water table using a generalized linear mixettemodel (GLMM). We conducted GLMM analysis withe Ime4 R
package (Bates et al. 2015) using suggested mefhodisson distributions from Bolker et al. (200®/e compared the
following richness-elevation models and chose test Imodel based on a combination of the Akaikerin&gion Criterion

(AIC) and the Bayesian Information Criterion (BIQ): random site-level intercept, 2) random siteslémtercept and slope,
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3) random site-level intercept and slope with plusted in sites, 4) inclusion of “moss” binary aoate (1 for moss, 0 for
not moss) with random site-level intercept, 5) uisabn of “moss” binary covariate with random siedl intercept and

slope.

2.3.2 Tree biomass

We tested our hypothesis that site-scale hydroiofiiyences tree biomass by regressing site-scaldsory + canopy) basal
area with site-scale hydrology. To determine categbdifferences in tree biomass between hummagid hollows, we
used individual tree DBH data (from the TLS scatapland summed the cumulative basal area betweembuaks and
hollows. We then estimated a fraction of treesaghesite that occupied hummocks relative to hollows

Finally, we analyzed within-site relationships beem point-scale DBH (from the TLS data) and poa#ls elevations
relative to water table. To do so, we used a limeaed effect model to regress within-site indivadiiree DBH versus

estimated tree
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base elevation from digital elevation models detiveom TLS
- point clouds, which serves as a proxy for treeadis¢ from the mean water table. The linear mixéetemodel

used allowed for uncorrelated random slopes amidapts across sites.

2.3.3 Soil chemistry

195 To test the prediction that there would be iesgation in soil chemistry at drier sites comphte wetter sites, we conducted
standard ANOVA and post-hoc Tukey's Honestly Sigaifit Difference t-test on soil extraction chenyistiVe first
examined differences among hydrogeomorphic categoand then tested differences among individtes sTo assess soil
chemistry variation among groups, we conductedwehe test on hydrogeomorphic group variances fon eaalyte.

To test the overall importance of microsite influenon soil extraction chemistry, we examined déferes between
hummocks

200 and hollows, averaged across sites. Acrosseitgarison of hummocks and hollows (as opposedtton-site comparison)
increased the power of our inference because, @oertrandom sampling, some sites did not havelegaasurements of
hummocks and hollows. Prior to averaging acrosssive normalized soil extraction concentrationsite-level average
concentration for each analyte. This allowed usampare relative differences between hummocks aiidws across sites,
even when absolute concentrations differed amotes.sWe then used these normalized concentrationsoinpare
hummocks

205 and hollows across sites using Welch’s two-dartypests. We also used a simple ratio of hollovhtmmock normalized
concentrations to contextualize differences betweaeitrosites, regardless of among site variability absolute
concentrations. Finally, we regressed point-soaileasalyte concentrations versus local elevatilative to water table. We
used a similar method to our richness-elevatioryaisa where we chose a best-fit linear mixed-dffeodel (using théme4
R package,

Bates et al. 2015) based on the following possigsli 1) random site-level intercept, 2) randone-tvel intercept and

slope, 210 and 3) random site level intercept dmgeswith uncorrelated random effects for slope iatercept.

3 Results
3.1 Understory composition

Across all sites (30 plots), we observed 95 distimzlerstory species: nine moss species, 85 vagqualat species, and one
liverwort species. The most common vascular spesiee sedges of th€arex genus, grasses of th@lyceria genus,
Impatiens capensis

215 Meerb. Aster lateriflorus (L.) Britton, andCaltha palustris (L.). The most common mosses weEalliergon cordifolium
(Hedw.) Kindb.,Thuidium delicatulum (Hedw.) Schimp., an&hizomnium magnifolium (Horik.) T. Kop.
We observed a clear influence of site-scale hydrplin site-scale community composition. Medianydeiater table was a
linear predictor of both richness (p = 0.003) anesity (p<0.001) for understory vegetation (Fig®). Mean water table,

to a lesser extent, also explained similar amoohsite-level variance in richness%®.25) or diversity (R=0.29). Lowland
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220 sites and ftransition sites tended to clump thegein this

relationship, but depression sites exhibited faremotra- and acrosssite variability in richnesd agdrology.
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Our NMDS model demonstrated clear ordinal separatib our understory community matrix between humksoand
hollows across sites (p = 0.002) and between hurksnaad hollows within sites (p=0.001; Figure 3).nknocks and
hollows were more similar for lowland sites, partarly L1 and L3, compared to depression and ttamssites (Figure 3).
Our indicator species analysis revealed that foossmspeciesQlimacium dendroides [Hedw.] F. Weber & D. Mohr
Funaria hygrometrica Hedw, Rhizomnium magnifolium [Horik.] T. Kop., andThuidium delicatulum [Hedw.] Schimp.) were
the most distinguishing species of hummocks acsiies (Table 1). The best hummock indicator speai@sClimacium
dendroides (Hedw.) F. Weber & D. Mohr with it having an 87%ance of indicating that a sampling point is oruenlmock
(specificity), and having a 59% chance that it e present at a point, given that the point isumrock (sensitivity).
Similarly, for hollows, a moss specie€gliergon cordifolium [Hedw.] Kindb.) was the best indicator specieshaligh
common duckweedLémna minor L.) had a nearly perfect (99%) chance of indicatingt a sampling point is a hollow.
When we removed the criteria for across-site sgegiesence (>10%), we observed approximately aer @dmagnitude
more candidate indicator species for hummocks tbiahollows, with most species having very highafeity (Table S1).
We also observed distinct differences in richnestsvben hummock and hollow microsites. Hummocks weely always
locations of both greater moss species richnesgeater understory vascular plant species rich¢fégsre 4). This pattern
was identical when also combining both moss andwas plants (Figure S2). We found the greatest rhook-hollow
differences in understory species richness in dsjoe sites (mean water table = 0.01 m), with tdference in transition
sites (mean water table = -0.04 m) and lowlandssfieean water table = -0.32 m). Bray-Curtis diskiriies for both
mosses and understory vascular plants were grdatadgpression and transition sites (BC valueSigure 4).

At the point scale, we found that the best-fit GLMbdel for richnessersus elevation relative to mean water table was one
with site-level random effects for both interceptieslope, as well as a dummy variable for mosst(asted with vascular
understory vegetation). Although random site effectodulated the richness-elevation relationshipsisé slopes were
significantly greater than zero (Table 2, and siée-specific fits in Figure S3), implying positivassociation between
richness and elevation across sites. Importantly,found that drier lowland sites had lower ovesddipes (i.e., more
negative random slope effects) compared to weites §Figure S3a), indicating less rapid increagesichness with
elevation at dry sites. Overall, we observed thassirichness increased approximately 22% lessvéseular plant richness
with increasing elevation.

To visualize more clearly the results from this miegicale analysis, we plotted GLMM-predicted ricsmeralues as a
function of relative elevation above water tablehout considering site effects (Figure 5). Both masd vascular plants
exhibited only one or two species when at samphioigts near or below the mean water table, butiepaounts increased

rapidly beginning near the mean water table, ngtédlvascular plants.

10
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3.2 Tree biomass

There was no strong relationship (p < 0.05) betwessal area and hydrologic metrics for either theopy or midstory
level, at the site-scale. Median water table was libst predictor of basal area out of the metesset (Figure 6). We
observed that T1 was a major outlier in the midstmsal area-elevation relationship (Figure 6), iubmission did not
result in a significant fit (p = 0.137).

Using our TLS-derived DBH data at a subset of sitesfurther assessed differences between humnasek$ollows. Total
basal area was disproportionately (by two ordennafnitude) associated with hummocks at the wesitest (D1, D3, D4,
and T1), but the relative lack of hummocks at therdsites (L1 and L2) inverted this relationshible 3). Further, across
all size classes, we found that trees in the wetiéss (depression and transition) occupied hunk88-94% of the time
(Figure 7). We also observed size-dependent assotiaith hummocks, especially for sites D1, D3¢darl, where larger
trees (i.e., trees with DBH>20 cm) were 2—-3x mdtely to exist on hummocks compared to hollows (Feg7). This is in
contrast to drier lowland sites, where trees dopneter hummocks to hollows, at least not in olrssumpled areas.
Point-scale linear mixed effect models of DBEfsus relative elevation did not reveal any significgp0.05) trends see
Figure S4). We note here, however, that the magchincedures to tie digital elevation models frob&To tree base height

elevations likely has high uncertainty.

3.3 Soil chemistry

There were clear differences in soil chemistry agneite hydrogeomorphic groups and among indivickitds for all
analytes (p < 0.01, Figure 8). Depression sitesthadowest soil base cation concentrations’{@ad Md"), followed by
lowland and then transition sites. Depression sites transition sites had considerably less'N® than lowland sites, but
somewhat more P&- P, and clearly higher C:N. However, we observed emeariability among sites than among
hydrogeomorphic site groupings. There was somecatidin that drier lowland sites exhibited less ahility in soil
chemistry than wetter transition and depressiassthut this trend was not consistent across asa(jfftable S3). In fact, we
observed significantly greater variance in 990NO; N, and SG¥ in drier lowland sites than in wetter sites (TaB®.

We also found differences (p<0.05) in soil chergistetween hummocks and hollows for seven out of mimalytes (Figure
9). Except for NG—N, %N, and S¢¥, hummocks had higher analyte concentrations thaiowss. Relative across-site
hummock-hollow differences in mean concentraticsged from -27% for NO-N to +23% for Cl Although some sites
varied in their relative differences between humknacd hollow analyte concentrations (Table S4)abrpatterns were still
discernible wherein hummocks were generally lochigher C&', CI, Mg?*, PQ*—P, C, and C:N (though only by 4%)
relative to hollows.

We found linear relationships (p<0.05) between eomr@tion and relative elevation above water tabléhe sample point
scale for six out of nine soil chemistry analyt@ie linear mixed effect models were fit with a riesed maximum

likelihood estimation with uncorrelated random iepts and slopes; standardized residuals wereatlgrdistributed about
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zero (Table S5). Random site effects modulatedteeall concentration-elevation relationship, impylarge variability in
responses (direction and magnitude) among sitesdi@/rot observe clear patterns in random effegltsting to sites or site
hydrogeomorphic groupings (Figure S5), indicating abvious control of hydrology or setting on theeagth of these
relationships. However, relationships for @ and Clwere similar in wetter depression and transitibessin contrast to
drier lowland sites, which did not have as steqqgitive linear relationships with elevation. Résdtom this point-scale
linear fitting align with categorical results frorummock and hollow analysis. For illustration, Figu0 presents results
using predicted concentrations from the modelviithout taking into account site level random eféecSome analytes
varied much more among sites in the concentratievagon relationship than others, leading to lavgeability in some

best-fit lines (e.g., G4 NO*-N), but most analyte concentrations had cleaatinelationships with elevation (Figure 10).

4 Discussion

Using integrated measures of fine-scale topograpfater table regimes, and vegetation and soilbattes, our work
highlights the primary control of elevation and m&ite position in black ash wetlands. Findings destrate these controls
on vegetation distributions, tree biomass, and cwmistry at both site- and within-site scalesvedr by distance to water
table and thus decreased anaerobic stress atsitésrand on elevated hummocks at wetter sitess\fggest that these
results support biotically driven feedback moddisremmock development and maintenance, where isetkaegetative
productivity at higher microsites leads to increhsaicrosite elevation that is eventually limited bycreased soil

decomposition in drier conditions.

4.1 Controls on understory composition

Site-scale hydrologic behavior of black ash wettaisda major determinant of site-scale understiotyness and diversity.
We found that even a simple hydrologic metric likean water table could explain 30% of inter-sitelaratory richness
variability (Figure 2). For example, our wettedediad half of the species richness as our dritesstand was two-thirds as
diverse. Numerous other studies have observedntheence of hydrologic regime on site-scale spedgwess (e.g., van
der Valk et al. 1994, Nielsen and Chick 1997, Nielet al. 2013), but most have been based on teeatstudies of
expected hydrologic change or in riparian systemsiidated by flood pulses. This study demonstrales black ash
wetlands, which are abundant ecosystems in thet Gedaes region (e.g., they cover approximately S%ocested land in
Minnesota, Michigan, and Wisconsin; USDA Forestvi®er 2016), may exhibit similar hydrology-richnessponses as
other studied wetland systems, and further soéiglifiydrology as the primary determinant of undeystpecies distributions
in wetlands.

Despite clear broad site-scale controls on undgrsiohness, we also observed a dominant micrasitde influence on

community composition. Our NMDS analysis indicatedt hummocks and hollows separated along commutiticture,
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but also that the degree of this separation washhigjte dependent. For example, drier lowlandssfespecially L1 and L3)
had considerably less understory community vamabetween microsites than the wetter depressiotraoisition sites,
supporting the notion that distinct and functiopathportant microsite states arise in responsedbaenditions. Likewise,
Bray-Curtis dissimilatory index testing at our vestt sites indicated that understory vegetation conities between
hummocks and hollows were highly dissimilar (i2C closer to 1), with little overlap in species.

Assessment of species fidelity to specific micesiprovided further support that hummocks and hall@are discrete
ecosystem statesf( Watts et al. 2010). Using indicator species anglyge found that mosses were the most discrimiaati
understory growth form for parsing hummocks fromlldwes (Table 2). This finding garners more eviderfoe the
contention that hummocks provide hydrologic streslief for vegetation, as moss species are higelysgive to soil
moisture regimes (i.e., they are poikilohydric; Byset al. 1978, Proctor 1990). We suggest that ghesence of
microtopography increases overall site richnessabge some species show clear affinity for miceogype, a finding
supported by similar studies of richness and mitzosariability (Beatty 1984, Vivian-Smith, 1997;riand and
Richardson, 2005). Therefore, microtopography dyeatpands potential hydrologic and associatedththiches.

In addition to different community structure betwe@immocks and hollows, we found strong evidenceofw prediction
that hummocks support a higher number and greatersity of understory vegetation species thandvadl. In our systems,
hummocks were loci for approximately 60% of totahpled species per site, with larger richness mdiffees between
hummocks and hollows in wetter sites. This findalgns with field observations of visually distinicteaks between the
relatively bare organic surface of hollows and theedant structure of hummocks. We suggest thattgraamderstory
richness on hummocks may imply greater underst@®® @is-a-vis the richness-productivity relationsf@ide Venterink et
al. 2003, van Ruijven and Berendse 2005), lendimglence to productivity-elevation feedback. Addfogher support,
modeling demonstrated clear increases in richnegs elevation, where the slope of this relationshigs greatest in the
wettest sites (Figure S3). Perhaps these are nmising results given that distance to water tabéy be the most important
control on wetland community structure (Bubier 2806, @kland et al. 2008, Malhotra et al. 201B)r results add black
ash swamps to a number of wetland ecosystems initltas understory microtopography-richness struetuncluding salt

marshes (Stribling et al. 2006), alluvial swampke@oe and Shear 2000), tidal freshwater swampbédistein and Connor

northern sedge meadows (Peach and Zedler 2006)cdieordance of similar observations across syswrbstantiates
hypotheses that hummocks play a critical role ppsuting wetland plant diversity.

Lastly, we note that while hollows have less speai@ average than hummocks, they are not devoidnderstory
productivity. At some sites, we observed large bwatf Carex spp. in the hollow understory, whose thick stems and

spanning rhizomes would have contributed to higmary productivity. Follow-up studies could focusa this aspect of
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4.2 Controls on tree biomass

Although not a significant direct association, veairid indirect evidence that links site-scale hyalgglto tree basal area.
The driest sites (lowland sites) had the greatasakbarea, supporting observations from floodplegtiands where sites that
received less inundation were more productive aadl greater basal area than intermediately or rdgulaundated sites
(Megonigal et al. 1997). However, other drivers rhayalso influence these differences, includingalality in disturbance
regime or pedological characteristics that weresidetthe scope of this study.

Our findings also highlight local hydrologic inflnees and demonstrate that trees at wetter sitessalaxclusively occupy
raised hummocks; almost the entirety of live basaeh corresponded directly to elevated hummocktstres in the wettest
black ash systems. A recent study of canopy comnpetiin black ash wetlands acknowledged this imgroce of microsite
variation in explaining lack of predicted competitiand subsequent tree size distributions amoruk falsh trees (Looney et
al. 2016). In contrast to our findings at the déeel, we did not find support for our predictiomat basal area would
correlate with tree base elevation within siteswieer, this may not be surprising for three primeggsons: 1) black ash
trees are extremely slow growing and there candg little discernible variability in DBH acrossers of different age
classes

(D’Amato et al. 2018, Looney et al. 2018), 2) hunokdeights (and thus tree base elevation), whifgezed around some
site mean, exhibit variation within a site, leadinga range of elevations supporting trees withilambBH, and 3) tree base
elevations were extremely difficult to ascertainngsour TLS matching method, leading to high ureiety in elevation
measurements. Perhaps in wetter black ash systeimsmerely the fact that trees are alive (andhammocks) that is
important. In other words, trees that establish smive eventually reach similar sizes based souee constraints or

growth patterns, but it is more common that thegldish and survive on hummocks at the wettess.site

4.3 Controls on soil chemistry

We observed clear and significant differences iih deemistry among sites that could broadly beilaited to site-scale
hydrology and site hydrogeomorphic category. F@neple, the drier lowland sites had an order of rnitada greater N@-
N soil concentrations than wetter depression arsition sites (Figure 8) despite having nearly ¢égod total N (CV = 0.1).

We suggest that water table regimes of our sitesespond directly with expected water-table- anitisggecific shifts in

where water tables are shallower (e.g., within &0adf the surface), net ammonification dominatesftjHg et al. 2003). "\

Specific to our prediction, we found some suppbat twithin site variation in analytes (specificafty CI, PQ*-P, C:N,
%N, and M@") was greater at wetter sites, suggestive of mariable redox conditions and biogeochemical prangss

We found some support that hummocks can act asoes@pcentrators of mobile soil chemical pools. Wserved this
hummock-hollow soil chemistry separation at aksjtregardless of variability in absolute concéitna among sites. The

strongest evidence for this comes from the relbtiligh level of the conservative tracer, chloridehummocks relative to
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hollows (23% greater on average). We can surmise bimgeochemical mechanisms, if any, apart fromfguemtial

hydraulic flow from that would result in such a &g disproportionate concentration of chloride.l@tde is commonly

used across scales and systems as a hydrologit tcaevaluate hydrologic storage and transportgsses (Kirchngr 2000, _ - W Comment [rev25]: Missing from

Kirchner et al. 2010), and its concentration imestrial waters is widely attributed to evaporatidfects (e.g., Thorslund et References!

al. 2018). Further, we believe that our chlorideiga may be a conservative estimate of differebetseen hummocks and
hollows, because our sampling occurred after I&aftnd approximately one week after a series afifadli events, the
combination of which likely flushed solutes fromnhmocks towards hollows. As a reference, these sgst@ve on average

an order of magnitude higher chloride concentratitivan rainfall in the region (<0.1 mg'LNADP 2019), indicating that

evaporation is major component of their water cyal@rerequisite for the evapoconcentration hypdhés northern bog _ - ‘[Formatted: Highlight ]

<

Wwetlands, encroachment or presence of woody vasplaats can dramatically increase evapotranspindtisses (Takagi et _ - W Comment [rev26]: This is the total
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hummocks. However, in addition to evapoconcentmatibe mechanisms of increased nutrient availghifithummocks
relative to hollows may be also attributed to acalation of debris and litter (Resler and Stine 20@@d/or higher turnover

and cycling rates (Wetzel et al. 2005). Even myuiaal activity is greater in hummocks than hollowghich may be

important in P acquisition from ferric-bound palie (Cantelmo and Ehrenfdld 1999). Eppinga efl08) were the first to _ - W Comment [rev28]: Missing from ‘
Reference:

empirically test and provide evidence for hummoegkpmconcentration of limiting nutrients, which harkviously been
suggested as a mechanism inducing greater phospbortree islands in the Everglades, FL (Wetzel.€2005, Ross et al.
2006). Although we do not have direct evidence thdilack ash wetlands are phosphorus limited @h®sphorus is driven
into hummocks via evapotranspiration gradients.(eg opposed to local resource recycling onlyy, ghosphorus and
chloride results comport with modeled hummock-haligystem responses under the evapoconcentratiompssn (e.g.,
Eppinga et al. 2008, Ross et al. 2006). Hence,emhé cannot definitively reject other mechanismaufient enhancement
on hummocks, this study adds further support fa&r #vapoconcentration hypothesis. Overall, our figdof greater

phosphorus on hummocks aligns with numerous studlesre hummocks are consistently found to be zafiegreater

phosphorus concentrations than hollows (Jones €986, Wetzel et al. 2005, Eppinga etal. 2008). L= w Comment [rev29]: Missing from ‘

Hummocks were also enriched in base cations cordparéollows. We postulate that this base catiorichment effect FUEIEEIEES)

may be a result of preferential uptake and rapitient recycling by black ash trees located on hucks. Black ash trees
are known to exhibit considerably higher?Cand Md" in live tissues than neighboring species at theessite, or in other

nearby ecosystems (Reiners and Reiners 1970)atimticpreferential uptake of these nutrients reéato other species.
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However, Courtwright and Findlay (2011) also obsérhollow nitrate enrichment, which they attributedbiologically
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mediated effects such as enhanced uptake on hunsnaomeck coupled nitrification-denitrification (Couright and Findlay
2011). In this model, high nitrification rates oarabic hummocks (Noe et al. 2013) may result ifiudif’e transport of
mobile nitrate to hollows, where it is subsequeddyitrified under hydrologically induced anaerobanditions (Wolf et al.
2011). It seems likely that coupled nitrificatioesdtrification resulting from distinct hummock-hol microtopography in
415  wetter transition and depression sites limits tétrbuildup in these systems, in contrast to therdsites with less
topographic relief (see Diamond et al. [in review])ere we observed lower concentrations. Howeheruhexpected NO3-
N enrichment on hollows in this study may simplychee to sampling after leaf fall, which may hawansferred Ng—N to
hollows, or perhaps because soils were recenthybéerallowing for nitrification to proceed in hoils.
Results for SGF were also in contrast to what we expected. We sgunthat oxidized S@would be greater in aerobic
420  hummocks than in more anaerobic hollows. Howeverphserved consistently less soil @ hummocks than in hollows,
which we tentatively attribute to either diffusit@nsport from hummocks to hollows or assimilatetyfate reduction in
hummocks. Our results also contrast with obsermatio saltwater systems, where vegetated zonearaas of increased
SO, due to root-zone oxygenation of reduced toxic defli (Hsieh and Yang 1997, Madureira et al 1997eRearet al.
2007). Clearly, we are missing a piece of the purdth respect to sulfur cycling in hummock-holleywstems, because our
425  results are also in stark opposition to expectedlt® from coupled sulfur-hydrology-microtopograpimpdeling exercises
for freshwater systems (Frei et al. 2012).
We found some evidence for our hypothesis thativelalevation, as opposed to simply microsite fi@msj was a major
control on soil chemical pools in black ash wetndnsurprisingly, all analyte-elevation trendsedity corresponded with
categorical hummock-hollow trends, both in direstand in strength. We also observed some indicéitianCl and PGQ*-P
430 exhibited more similar and more positive relatidpshwith elevation in wetter sites compared to deies (Figure S5),
potentially indicating enhanced evapoconcentratibwetter sites. Whereas most other studies exagimlative elevation
effects on soil chemistry use sample depth to wiatde as their elevation measurement (e.g., Budtiat. 2006, Stribling et
al. 2006), our study took a combined approach whezemonitored water table regimes at one locatimrt, measured

relative surface elevation in high-resolution atpalints. Hence, a major underlying assumptionun approach is that the

435  water table is flat across our study area, and ¢hatllary fringe and/or hydraulic redistributioffeets are negligible in _ /w Comment [rev31]: Is there any

comparison to water table fluctuations. We conctde this approach may be inappropriate for otlystems with less EEEIEENE [ 20 o 1

organic soils or more undulating terrain, but rtbt it appeared to provide reasonable and préacésalts in our case.

Our work here provides a strong foundation for vigyvmicrotopography as a primary control on vedeta@and soil

distributions in black ash wetlands, while also grglfing that it arises from biogeomorphic feedbacticesses that
440  concentrate biomass and nutrients into hummoclcttres. Future studies could explore differencesviapotranspiration

rates between hummocks and hollows for furtheriéaimn of evapoconcentration differences. Infeemnalong these lines

would also be bolstered by leaf tissue measurententeimmocks and hollows to test for limiting neiris. We also suggest

investigating, at the microsite-level, additionglesies of nitrogen (e.g., ammonium), sulfur (egulfide), and other
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important redox compounds (e.g., iron) and biogeotbal processes (e.g., denitrification) that maylan observed trends

in soil chemistry.

5 Conclusions

This work provides support for ecosystem enginggetily vegetation in swamps, where vegetation cap#slon and
amplifies small changes in surface elevation. Témult of this engineering is hummock-hollow micmmgraphy, where
hummocks and hollows are distinct, self-organizegsgstem states. Here we used the case studya & wetlands to
illustrate this possibility. Importantly, we fourttiat black ash hummocks are characterized by isettdocal species
richness, biomass, and nutrient availability, dllwich are likely due to reduced hydrologic stre¥ge conclude the
hollow microtopography yields predictable patteofisinderstory richness, biomass, and soil chemi3tngrefore, we infer
that microtopography is a fundamental organizingcitire of many black ash wetlands, particularlgsth that undergo
wetter conditions and shallow water tables.
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Table 1 Indicator species analysis for hummocks anbollows across sites. Species indicator values flvange from 0-1, and are
the product of specificity and sensitivity conditimal probabilities. Specificity is the conditional pobability that the sampling point
belongs to a particular microsite, given the facthat a particular species was found there, and setisity is the conditional

probability of

finding a
Microsite Species Specificity ~ Sensitivity v particular spe?es
- A . in a sampling
Climacium dendroides (Hedw.) F.Weber & D. 0.87 0.59 0.51 point, given that
Mohr the sampling
Hummock Funaria hygrometrica Hedw+ 0.85 0.27 0.23 point belongs to a
Rhizomnium magnifolium (Horik.) T.Kop. ~ particular
Rhizomnium magnifolium (Horik.) T.Kop+ 0.90 0.24 0.21 Microsite.
Thuidium delicatulum (Hedw.) Schimp
Calliergon cordifolium (Hedw.) Kindb. 0.79 0.61 0.48
Lemna minor L. 0.99 0.27 0.27
Hollow Carex tuckermanii Boott 0.58 0.29 0.17
Glyceria striata (Lam.) Hitchc. 0.77 0.21 0.16
Table 2: GLMM
model results for species richness versus relatiedevation
Effect Term Estimate SE Z-score P(Z>|z])
Intercept 1.07 0.09 11.62 <<0.0001
Fixed z 2.04 0.31 6.66 <<0.0001
moss -0.45 0.04 -10.17 <<0.0001
SD Intercept 0.26
Random SDz 0.74
Cor (z-intercept) -0.69

Note: Random effects are presented here as théasthdeviation (SD) of all site effects on intericapd slope, with
correlation (Cor) between random intercept andedopigure S3 has individual site effects.

Table 3: Cumulative sum of basal area by hummock ahhollow across sites.

Site Hummock basal area

D1 23.33 036
D3 26.00 0.26
D4 20.37 0.11
L1 0.16 20.09
L2 no data 17.55

Hollow basal area (frper 300 nf) (m? per 300 nf)
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Figure 1: Map of the ten black ash study wetlandsni northern Minnesota, U.S.A., with sites colored byaverage annual
hydroperiod (i.e., number of surface-inundation dag per year from the May to November) for 2015-2018© Google Maps 2019.
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Figure 2: Plot level richness or diversity, aggredgad by site, as a function of site level median wet table relative to the ground
surface (negative values indicate belowground). Vécal bars on points indicate bootstrapped 95% creibble intervals calculated
from the three plot measurements per site. Linear égression model results presented are also shownydiology summaries

provided in Table S3.
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Figure 3: NMDS ordination of understory vegetationcommunities, grouped by sites (text labels) and miesites, with hummocks in
black and hollows in grey. Ellipses indicate 95% adible intervals around the group centroid.
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Welch’s two sample t-test significances.

Figure 4: Understory species richness on hummocksd hollows for (top)
mosses and (bottom) understory vascular plants faeach study site. BC text values indicate Bray-Cursi dissimilarity,
with a 0-1 range, spanning identical (0) to complety dissimilar (1) vegetation communities. p-valuesndicate
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640  Figure 5: Predicted understory species richness as function of elevation above mean water table, splby moss and vascular
species components. Shaded ribbons indicate 95% ¢imence intervals about the estimate.
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Figure 6 Site-scale basal area in the canopy and dstory versus median water table linear regressionwith sites labeled and
colored by hydrogeomorphic category. p-values indate p-values for linear regression and shaded regiandicates 95% credible
645  interval about the best-fit line. Stand structure ad hydrology summaries can be found in Table S2.
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Figure 7: Stacked histograms of DBH size classesress sites. Black bars represent trees on hummocksid grey bars represent
the remaining proportion of trees on hollows. Fracion of bars that are black indicate the fraction oftrees that are on hummocks

in that

DBH size bin. Text refers to the fraction of obsered trees that occupy hummocks at each sampling ardar 1) the total sampling
650 distribution (f hum), 2) the sampling distribution for trees< 20cm DBH (f,um,<20), and 3) the sampling distribution for trees 20 cm

DBH (frym,>20).
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Figure 8: Average soil extraction concentrations foevery site and solute analyzed. Colors indicatats type, vertical bars indicate
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30



https://doi.org/10.5194/bg-2019-302
Preprint. Discussion started: 16 September 2019 c Author(s) 2019. CC BY 4.0 License.

Biogeosciences

Discussions

EGU

$s920y uadQ

655 intervals among sites do not overlap, they are sigficantly different at p = 0.05. Significantly different groups at p=0.05 are labeled
with letters. Note: %C, %N, and CN are unitless (-Jand are determined from combustion, not soil extration.
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